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Abstract
Cells respond to the application of force with a variety of biochemical responses
modulating their shape, structure, function, and proliferation. Two force-responsive links
between the inside and outside of a cell are integrin proteins, which link a cell to the
extracellular matrix (ECM), and cadherin proteins, which link neighboring cells to each
other. The strength of integrin-ECM bonds has been noted to increase in response to the
application of force. However, the strengthening of cadherin-cadherin bonds in response to
force has not been studied. Here, we use magnetic trapping to probe adhesion strengthening
at cadherin adherens junctions, using cadherin-coated magnetic beads to simulate
neighboring cells and apply force at adherens junctions. 43% of beads exposed to a high
force (2.1 nN) detached, compared to 31% of those exposed to a low-to-high force ramp
followed by high force. This indicates that adherens junctions are strengthened by force
application. The actin cytoskeleton and vasodilator-stimulated phosphoprotein (VASP) both
associate with adherens junctions, so their role in adhesion strengthening at adherens
junctions was also studied. Cells treated with actin-inhibitor cytochalasin D showed no
difference in bead detachment from constant high force and from ramped followed by high
force, indicating that the actin cytoskeleton is crucial in the adhesion strengthening response.
Beads attached to cells expressing GFP-VASP, which behave like VASP-overexpressing
cells, detached in 24% of trials when exposed to constant high force, compared to 39% of
trials in response to ramped force. Cells expressing GFP-MITO-FPPPP, which behave like
VASP-downregulated cells, showed no difference in bead detachment between application of
high force and ramped force followed by high force. These experiments indicate that VASP
is necessary for the adhesion strengthening response, but high levels of VASP may slow actin
restructuring and diminish the ability of the cytoskeletal linkages to respond to increasing
force. The importance of VASP in cells' responses to forces from other cells suggest that
modulation of VASP activity may play a role in tissue development, where cell-cell force
responses are important, and the pathogenesis of certain diseases, where cell-cell adhesion is
affected.
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1.0 Introduction
Within tissues, the shape, organization, and phenotype of cells are influenced by
mechanical forces'. Forces can be applied to a cell by other cells, the extracellular matrix, or
the environment. This thesis focuses on the response of endothelial cells to forces exerted by
neighboring attached cells. Specifically, it investigates the possibility that the application of
force at a cell-cell contact triggers active cell processes which increase the strength of cell-cell
adhesion. This introduction reviews the structure of the endothelium is reviewed, followed
by the ways endothelial cells form attachments to the extracellular matrix and to each other.
The effect of forces on endothelial cells as they are presently understood are reviewed,
focusing on mechanotransduction through cell-cell and cell-ECM contacts.
1.1 The Endothelium
Blood vessels are lined with a thin layer of specialized, closely apposed squamous
epithelial cells, called endothelial cells, which together constitute the endothelium. The
endothelium is a semi-permeable barrier for solutes in the bloodstream. Nutrients and white
blood cells pass across the endothelium to enter tissues when needed, while large molecules
like blood plasma proteins are blocked 2. Endothelial cells respond to a variety of
environmental stimuli, such as cytokines, hemodynamic forces, bacterial products, viruses,
hypoxia, and increased concentrations of blood components with the induction of various
genes, a process known as endothelial activation. Genes upregulated in endothelial
activation include adhesion molecules, cytokines, growth factors, and relaxing and
contracting factors that can affect the underlying smooth muscle cells3. Endothelial
activation is the bridge between the state of the bloodstream and its effect on the body. For
example, shear stress in the bloodstream and acetylcholine are two stimuli that lead
muscle cells to allow the vasodilation response, expanding the blood vessels and thus
decreasing blood pressure4 . Another response induced by shear stress on cells is cytoskeletal
restructuring. Blood flow in the vessel induces the endothelial cell to change from polygonal
to ellipsoidal and to elongate in the direction of flow5 . The shape change is accompanied by
the organization of F-actin in the cell from being diffusely distributed in the cell into dense
fibers oriented perpendicular to the direction of flow, and upregulation of E-selectin, an
intercellular adhesion molecule6.
Proper endothelial activation is dependent on the structural integrity of the
endothelium7 . The integrity of the endothelium is maintained through the attachment of the
cells to their underlying extracellular matrix (ECM) and to each other. Fundamentally, three
types of proteins are involved in these attachments:
1) Cell adhesion molecules (CAMs) which span the cell membrane and mediate
binding at the extracellular surface of the cell,
2) ECM proteins, large glycoproteins which can be bound tightly by specific cell
adhesion molecules and adhesion receptors, and
3) intracellular linker proteins, which connect CAMs to the cytoskeleton, regulate
the function of the CAMs, and transduce signals sensed by the CAMs at the cell
surface into responses inside the cell.
Complexes of these proteins form the fundamental units of cell adhesion, linking the
cytoskeleton to the outside of the cell". For endothelial cells, the fundamental unit of
adhesion between the cell and ECM is the focal adhesion, while the analogous unit of
adhesion linking cells to each other is the adherens junctiong.
1.1.1 Focal adhesions
In focal adhesions, the binding of the surface of the cell to the ECM is mediated by
the integrin family of cell adhesion molecules. Integrins are transmembrane heterodimeric
glycoproteins which bind to ECM proteins at their extracellular domain and to cytoplasmic
linker proteins such as paxillin, talin, vinculin, zyxin, and a-actinin at their intracellular
domain. Endothelial cells produce multiple integrins with differing sets of a /3 subunits,
allowing a variety of ECM proteins to be bound, such as collagen, laminin, fibronectin, and
vitronectin"1 . So far, more than 60 cytoplasmic proteins have been identified as components
of focal adhesions. Integrin does not bind actin directly; rather, a subset of these cytoplasmic
proteins forms a structural link between integrin and actin. Other cytoplasmic proteins at
focal adhesions are enzymes which are activated by binding to the structural proteins in focal
adhesions".
1.1.2 Adherens junctions
In adherens junctions, the relevant cell adhesion molecule is cadherin. Different cell
types express cadherins with different but homologous structures; the form expressed by
vascular endothelial cells is known as VE-cadherin (for "vascular endothelial-cadherin").
Cadherins have an extracellular domain, a single-pass transmembrane region, and a
cytoplasmic tail. The extracellular domains of cadherins consist of five identical repeating
subdomains, labeled EC1 through EC5, linked and stabilized by calcium ions that bind the
base of each subdomain to form a rigid, rodlike structure. Two adjacent cadherins on the
surface of a cell dimerize laterally, and these homodimers bind to cadherin homodimers on
other cells5. On the intracellular side, VE-cadherin associates with both the actin
cytoskeleton and intermediate filaments through cytoplasmic linker proteins. The
intracellular domain of cadherin binds to the cytoplasmic plaque proteins 3-catenin,
plakoglobin, p120, and p0071. 3-catenin and plakoglobin bind to a-catenin, which in turn
binds to actin, thus completing the link between the actin cytoskeleton and the adjacent cell.
Plakoglobin and p0071 bind to desmoplakin, which binds to vimentin intermediate
filaments'2 (Figure 1.1). Additionally, many of the same intracellular proteins associated
with focal adhesions have also been found in adherens junctions.1 3
Fig. 1.1 .Schematic representation of intracellular linkage between VE-cadherin and the
actin and intermediate filaments in the cytoskeleton [drawing based on Ref. 9].
1.2 Mechanosensing in the Endothelium
Mechanical forces play an important role in structuring the endothelium. As
discussed in 1.1, shear stress influences the shape and orientation of cells. Mechanical forces
can also cause dysfunction in blood vessels, as in atherosclerosis, characterized by the
formation of protruding lesions on the vascular lumen that can lead to the occlusion of blood
vessels or the weakening and rupture of the blood vessel wall. Atherosclerosis is induced in
bifurcating and branching points in blood vessels, where blood flow is turbulent, as opposed
to the laminar flow in straight sections of blood vessels. The cells in the laminar regions
produce molecules promoting a vasoactive, anticoagulant, anti-inflammatory, and growth-
inhibitory surface, whereas in turbulent regions, a proliferative, prothrombotic, and adhesive
phenotype is induced".
In both the cytoskeletal restructuring responses to forces from flow and the evolution
of atherosclerosis, mechanical signals from outside the cell are transduced to biochemical
signals inside the cell, promoting cytoskeletal restructuring, cell division, modulation of cell
adhesivity, and release of cytokines and growth factors. Many of these responses are
induced by the activation of shear responsive molecules on the cell membrane. These
include members of the receptor tyrosine kinase family, calveolae (small invaginations of the
membrane), stretch-activated calcium ion and potassium ion channels, G proteins, and G
protein-coupled receptors 15. Also involved in the transduction of external mechanical signals
are integrins and cadherins, which, through their bridging to the cytoskeleton and their
association with signaling pathways, can effect biochemical and mechanical change in the
cell 6.
1.2.1 Mechanotransduction at focal adhesions
Focal adhesions transmit mechanical forces from the matrix to the cell, inducing
biochemical activity. The application of mechanical stretching at focal adhesions causes the
binding of several proteins to the focal adhesion, such as paxillin and focal adhesion kinase
(FAK)' 7. Many proteins that localize to focal adhesions, including FAK, are activated
through autophosphorylation upon stretching, and then act on downstream targets which
can influence cell processes.'8 For instance, activation of FAK leads to degradation of
proteins p21/Cip and p27/Kip, leading to the promotion of cell proliferation and the
inhibition of apoptosis 9 ,20
Each adherent cell forms numerous adhesions to the ECM, and information about
the mechanical properties of the ECM are transmitted through the focal adhesions and
transduced into signals to determine cell shape and spreading. For instance, in vitro
experiments showed that the area of cell spreading depends on the density of ECM
proteins.21. The area over which a cell spreads, in turn, affects cell proliferation, as increased
cell spreading increases tensile forces in the actin cytoskeleton22, which in turn act on
proteins needed for cell cycle progression23 . The maintenance of tensile forces through focal
adhesions is also important for migration. Cells sample the stiffness of the ECM at focal
adhesions and through a FAK-mediated process migrate toward the region of greatest
stiffness 24,25.
1.2.2 Mechanotransduction at adherens junctions
The transduction of force through cell-cell contacts is essential for tissue development
and affects the biochemical and mechanical properties of cells. Load bearing tissues in
cadherin knockout animals exhibit malformation during development26 , because
physiological force application is crucial in tissue structuring, and cell-cell
mechanotransduction is also essential to the formation of specialized layers of cells within
tissues2 . Recent experiments seeding fibroblasts on flexible N(neural)-cadherin-coated
elastomer pillars show that the traction forces exerted through cadherin contacts reaches 50
nN, comparable to the force levels exerted by focal adhesions28 . Use of fluorescent
microbead rheometry showed that forces exerted by one fibroblast through an adherens
junction can cause viscoelastic deformation and elongation of actin bundles in the
neighboring cell29, showing that cells change respond with active biological restructuring to
mechanical force at cell-cell contacts.
One mechanism by which mechanotransduction may occur at cell-cell contacts is
through the activation of stretch-sensitive calcium ion channels by forces at cadherins.
Magnetic beads coated in anti-N(neural)-cadherin-antibody were attached to fibroblasts to
bind N-cadherin at the cell surface. Application of magnetic forces to the beads induced
robust transient currents of Ca+2, a 2nd messenger involved in actin filament assembly and
turnover, and ultimately increased the amount of polymerized actin in the cell, potentially
explaining force-mediated viscoelastic response 3 .
Another important role of tension at adherens junctions may be cell cycle and
protein production control. 3-catenin binds to cadherin in the adherens junction, but when it
is dissociated it can translocate to the nucleus and upregulate genes involved in the cell
cycle31 . One example is the upregulation of survivin, an apoptosis-inhibiting protein that
promotes cell division. In confluent endothelial cells where VE-cadherin adherens junctions
are intact, levels of survivin are low. Cells with null or dismantled VE-cadherin have high
levels of survivin, as presumably P-catenin is upregulating survivin32. Tension at adherens
junctions may control the fractions of bound versus dissociated f-catenin, though a direct
correlation of force application and 1-catenin recruitment has not been demonstrated.
1.3 Adhesion Strengthening
Adhesion strengthening is the process by which an adhesion, initially formed by the
attachment of an integrin to an ECM protein or a cadherin to another cadherin, becomes
more difficult to break. One observed behavior in focal adhesions, described more fully in
the following section, is adhesion strengthening in response to applied force. Force-
mediated adhesion strengthening has not yet been described in adherens junctions.
However, the similarities of adherens junctions to focal adhesions indicates that force-
mediated adhesion strengthening may occur at adherens junctions, and this possibility is
supported by some preliminary evidence.
1.3.1 Force-mediated adhesion strengthening at focal adhesions
Adhesion strengthening was initially noted in experiments by Lotz et al. observing
the increase in adhesion force of fibroblasts and glioma cells to a fibronectin surface
proportional to the time the initial contact was formed. The adhesion strength was further
found to be proportional to the area of cell-substrate contact, and cells treated with
cytochalasin B to disable actin polymerization and microfilament formation did not show a
strengthening response, although they were able to form the initial adhesion. The authors
proposed a three-component model of adhesion strengthening that is still accepted.
Following the initial attachment of cell-surface integrins to ECM proteins, an adhesion is
strengthened by (i) increased clustering of integrins, (ii) formation of protein interactions
linking integrins to the cytoskeleton, and (iii) cell spreading to increase the area of
contact3",34.
Force-responsive adhesion strengthening was noted in an experiment by Sheetz and
colleagues involving optical trapping of fibronectin-coated beads attached to fibroblasts. The
beads crawled freely across the surface of the cell, until a controlled amount force was
applied for 1.5 seconds via laser to stop the crawling of the bead, mimicking force applied
through an ECM attachment. The force was then turned off and the bead allowed to resume
crawling across the surface. When the same force was again applied to the bead at a later
time, the crawling of the bead was not stopped, indicating strengthening of the cytoskeletal
linkages. For beads subjected to a longer initial force application period of more than 10
seconds, the cytoskeletal linkages became strong enough to free the trapped bead from the
laser"3 . Further experiments showed that the application of force is required for the initial
integrin-ECM bond to mature into a focal adhesion. Vinculin is recruited to integrin in
response to force, and vinculin is needed for the cell to be able to exert forces to the ECM
through the focal adhesion 36
Signaling proteins have been found to be crucial to the maturation of focal
adhesions. Among them is Rho, a G protein that localizes to focal adhesions and is involved
in actin dynamics. Rho activates downstream targets like Rho-associated kinase (ROCK)
and mDial that are needed for force-responsive maturation of focal adhesions from dot-like
membrane-matrix attachments into elongated structures that link to the cytoskeleton3 7 .
1.3.2 Preliminary evidence of force-mediated adhesion strengthening at adherens
junctions
Though force-mediated adhesion strengthening has not been described at adherens
junctions, there is some indication that adherens junctions may mature the way focal
adhesions do in response to force. The formation of adherens junctions is similar to that of
focal adhesions; there is an initial binding of the extracellular domain of the membrane
protein, triggering the binding of the intracellular domain to cytosolic proteins, the
recruitment of linker proteins, the enzymatic activation of some proteins, and ultimately the
formation of a bridge of protein associations to the actin cytoskeleton. Many of the same
cytosolic proteins are found at the two types of adhesions, including the actin-binding
proteins zyxin, moesin, Arp2/3, and vinculin. Also, the same force responsive G proteins,
such as Rho, Rac, and Cdc42, that are found at focal adhesions are found at adherens
junctions 8 .
Experiments assessing the time-dependence of cell-cell force support the idea that
adherens junctions may mature similarly to focal adhesions. An assay using pipettes to
separate cell doublets with a measured force found that the force needed to separate the cells
increased with the amount of time they were in contact. As with focal adhesions, inhibiting
the actin cytoskeleton pharmacologically blocked this strengthening response, though it did
not affect the initial cadherin-cadherin binding39. The similar behavior of cell-cell behavior
here to the cell-matrix adhesion observed by Lotz et al. implies that perhaps force would
have a maturing effect on adherens junctions as it does on focal adhesions.
1.3.3 The role of VASP
The Ena/VASP proteins are a homologous family regulating cell migration and actin
assembly"4 . The founding member of the family, Ena, was found in Drosophila; its knockout
leads to defects in axonal architecture in the central and peripheral nervous systems41 . In
vertebrate endothelial cells, the relevant family members are vasodilator-stimulated
phosphoprotein (VASP), Mena (Mammalian enabled), and EVL (Ena-VASP like).
Ena/VASP proteins all have an N-terminal Ena/VASP homology 1 (EVH1) region, a
proline-rich central region and a C-terminal Ena/VASP homology 2 (EVH2) region. The
EVH1 region has binding sites for several of the proteins found in focal adhesions and
adherens junctions, including zyxin and vinculin, and these proteins are thought to recruit
Ena/VASP proteins to those locations. The central proline-rich domain binds to profilin, a
G-actin-binding protein, and the EVH2 domain contains G-actin and F-actin binding sites as
well as a site for Ena/VASP tetramerization 42 .
Ena/VASP proteins may have multiple mechanisms of regulating actin dynamics.
Ena/VASP proteins localize to the barbed ends of actin filaments, and appear to encourage
the polymerization of actin by preventing capping proteins that inhibit polymerization from
binding to actin43 . VASP modulates the attachment of the cytoskeleton to the cell
membrane, which is necessary for movement and force generation". The distribution of
VASP in the cell is force-respondent; VASP relocalizes from focal adhesions to actin
filaments in the presence of mechanical stress4 5. Phosphorylation by protein kinase A (PKA)
is one way the activity of Ena/VASP is modulated, as phosphorylation increases the activity
of Ena/VASP proteins" .
Experiments with mutant cell types devoid of Ena/VASP indicate that the family is
vital for many actin-dependent processes, like cell migration and attachment, indicating that
it may also be important in adhesion strengthening. In the bacterium Listeria monocytogenes,
knockout of Ena/VASP proteins disables interactions between cytoskeleton and the surface
protein ActA, leading to an order of magnitude reduction in its speed within living cells.
Knockout of simply the F-actin binding sites, G-actin binding sites, and profilin-binding sites
leads to an increase in speed compared to wild-type Listeria, suggesting a complex role of
Ena/VASP proteins beyond simply upregulating actin polymerization47. In fibroblasts,
where Ena/VASP proteins are localized to the leading edge of the cell as well as to cell-cell
and cell-matrix adhesions, knockout of Ena/VASP speeds cell migration, while upregulation
of Ena/VASP slows it. This seemingly paradoxical observation is due to the regulation of
actin geometry by Ena/VASP; actin filaments in the absence of Ena/VASP are shorter,
more branched, and stiffer, and are subjected to less thermal fluctuation and Brownian
motion than the longer, less branched actin filaments that form when Ena/VASP is present
and capping proteins are inhibited. Thus, although actin filaments extend more quickly in
Ena/VASP knockout fibroblasts, they are less persistent, causing an overall decrease in cell
velocity48. In neurons, Ena/VASP proteins are necessary for proper axonal extension, and
in the immune system they are important for phagocytosis by macrophages, chemotaxis of
neutrophils toward bacteria, and the interaction of T cells with antigen-presenting cells49.
Some experimental data support the importance of Ena/VASP proteins at cell-cell
junctions in actin organization. VASP is recruited to adherens junctions at an intermediate
point in the formation of adherens junctions'5 . In cells transfected with Mena, a member of
the Ena/VASP family, two distinct pools of Mena were found inside adherens junctions: one
associated with direct cadherin-actin connections, and another with actin bound to Arp2/3,
an actin nucleator. Dislocation of Mena from either location disrupted the actin bundles
bound there51 . Given the importance of an intact actin cytoskeleton in force-mediated
adhesion strengthening in focal adhesions, it is possible that one or both of the pools of
Ena/VASP proteins would be important in adhesion strengthening in adherens junctions.
Another piece of evidence comes from in vivo observations of mice lacking VASP, Mena,
and EVL. The mice showed vascular leakage and hemorrhaging during fetal development5 2.
Further, endothelial cells lacking Ena/VASP function show increased permeability in an in
vitro assay while those over-expressing VASP show decreased permeability 527. These
observations, taken in combination with the importance of cell-cell mechanotransduction in
developing load-bearing tissues normally27, indicate that Ena/VASP proteins may be
important in properly forming and maintaining the strength of cell-cell junctions.
1.4 Magnetic trapping for biomechanical studies
Magnetic traps have been used previously to apply precise forces to cells to probe
mechanical properties and mechanotransduction. Bausch et al. were the first to apply
magnetic trapping to the study of biomechanics, applying force to integrin-bound magnetic
beads and studying the local viscoelastic response 53. Later experiments by Mack et al.
applied magnetic trapping to vascular endothelial cells, studying the translocation of focal
adhesions in response to shear force applied by the trap to ECM-linked magnetic beads54.
Though magnetic trapping has not yet been used to probe cadherin function, Baumgartner et
al. used laser trapping of cadherin-coated beads to investigate the dependence of N-cadherin
function on calcium ion concentration in neurons55.
1.5 Objective and motivation of study
These experiments attempt to verify the occurrence of force-responsive adhesion
strengthening at cadherin-cadherin contacts, and to examine the role of VASP and actin on
the ability of cells to strengthen adhesion. We incubate cadherin-coated paramagnetic beads
with wildtype human endothelial cells in vitro to simulate cell-cell contacts in vivo. We then
use the magnetic trap to apply forces to the magnetic beads, thus imitating force application
from a neighboring cell. To each bead, we apply either a low constant force, a high constant
force, or a low-to-high ramped force followed by constant high force, and we monitor the
state of bead attachment. Our hypothesis is that, because of the similar proteins involved in
focal adhesions and adherens junctions, their parallel functions as links between the
extracellular environment and the cytoskeleton, and the influence of force application
through both types of adhesions on cell processes, adhesion strengthening in adherens
junctions is force-dependent; thus, a smaller fraction of the beads subjected to a ramping
force and then constant high force will detach, compared to the beads subjected to constant
high force alone.
As described in 1.3.3, the roles of VASP in actin dynamics have yet to be fully
elucidated. We conduct our magnetic trapping experiments on human vascular endothelial
cells stably transfected to express VASP linked to green fluorescent protein (GFP) in addition
to the endogenously expressed VASP, functionally upregulating VASP. We expect the
increased pool of VASP to increase adhesion strengthening as compared to wild type cells,
reducing the proportion of cells detaching from ramped followed by constant high force. We
also study adhesion strengthening in cells lacking Ena/VASP activity (caused by expression
of an Ena/VASP binding motif localized to the mitochondria). We expect these cells to
have a reduced strengthening response to the force ramp, and to see little difference between
the cells exposed to a force ramp followed by high force and just high force.
Unlike VASP, the importance of actin in maturing adherens junctions has been
demonstrated (as discussed in 1.3.2 and also demonstrated by El Sayegh et al.56) Whether
actin's role in adhesion strengthening is force-respondent, however, has not been
determined. We study the force-dependence of actin-based adhesion strenghthening by
performing our magnetic trapping experiment on wildtype cells that are treated with
cytochalasin D, a fungal protein which inhibits actin polymerization. Our hypothesis is that
the overall strength of cadherin-cadherin adhesions will be lowered, and that the adhesion
strengthening effect will also be lowered by reducing the ability of the adherens junction to
form linkages with the cytoskeleton, as was observed in integrin adhesion strengthening.
Our investigation is motivated by the hope of achieving a greater understanding of
the physiological process of cell-cell adhesion. The loss of cell-cell adhesion, in addition to
causing lethal deformities in the development of load-bearing tissues, has pathological
consequences in fully formed tissues. Downregulation of E-cadherin has been observed in
cancerous cells, potentially explaining the loss of contact inhibition of cell division and
increased migration of tumors"7 . If loss of cell-cell adhesion is an important factor in the
progression of cancer, reversal of that loss by upregulation of adhesion-promoting proteins
could be a potential solution. Lowered cell-cell adhesion leads to tissue hyperpermeability,
implicated in diverse conditions including ischemic retinopathies, pulmonary edema,
inflammatory bowel disease, nephropathies, delayed hypersensitivity reactions, rheumatoid
arthritis, and psoriasis58 . Specifically in the vascular endothelium, septic and anaphylactic
shock responses cause a rapid decrease in endothelial barrier function, causing systemic
vasodilation, vascular leakage, and ultimately multiple organ failure due to hypoperfusion.
Studying force-responsive adhesion strengthening could inform new ways to reverse the
shock-induced loss of cell-cell adhesion.
2.0 Materials and Methods
2.1 Magnetic trap
2.1.1 Magnetic trap design
The magnetic trap was built after the design of Hayden Huang and Jan Lammerding
(described more fully in (59)). Briefly, the trap was a cylinder, 161 mm-long and 20 mm in
diameter, machined from CMI-C steel. The front 44 mm tapered to a 200 pm wide, 250
chiseled rectangular tip. After mechanical damage to the trap, the tip became bent and was
filed down to a chiseled rectangular tip again, now approximately 250 pm wide. (The
damage and repair occurred before the experiments described in 2.4 were performed.) The 72
mm-long core was wrapped in eight layers of 18-gauge enamel-coated copper wire to create a
magnetic coil with approximately 400 turns total. The trap was mounted on a
micromanipulator to control its position. Current was provided to the copper coil by a
power supply (PSP-603, Instek, Taiwan) which resulted in a magnetic force at the tip of the
magnetic trap. The micromanipulator and microscope were mounted on a pneumatic
vibration isolation table to minimize forces from other sources. Figure 2.1 shows the setup
of the magnetic trap.
2.1.2 Magnetic trap calibration
Paramagnetic beads coated in protein A (100-01D, Dynal/Invitrogen), 2.8 pm in
diameter, were suspended in 70% ethanol and placed in a 60-mm polystyrene dish. After
evaporation of the ethanol in a laminar flow hood, the beads were resuspended in
dimethylpolysiloxane with a kinematic viscosity of 12,500 centistokes (DMPS-12M, Sigma).
The dish was placed on the microscope stage (Axiovert 200, Zeiss), the tip of the magnetic
trap was lowered into the dish, and the system was allowed to equilibrate for several minutes
to stop residual motions. The tip was then brought into parfocal position with beads in the
dish. The magnetic trap was operated at constant current in 0.5 amp steps from 1.0 to 3.5
amps, and videos were recorded of the motion over 150 to 200 pm by a high-speed camera
(PCO. 1200, PCO, Germany) at 25 frames per second and 50x magnification. These videos
were then analyzed with particle-tracking MATLAB (Mathworks, Natick, MA) software
developed by Jan Lammerding (1), yielding the position vs. time coordinates of the beads.
The data were fit to a 9' degree polynomial using the Curve Fitting Toolbox in MATLAB
and the derivative of this curve gave the velocity at each position. The force at each position
was calculated from the velocity using Stokes' equation,
F = 3npuDu (Eq. 1),
where p is the force, D the diameter of the bead, and u the velocity of the bead. To predict
forces at distances greater than those measured directly by video, the force versus position
data for each current level was fit to the phenomenological power law form F = ax" + c ,
again using the Curve Fitting Toolbox.
The calibrations were corrected for the damage and repair noted in 2.1.1. After the
tip was repaired, three bead-tracking experiments were performed at 1.0 A and another three
at 3.5 A. Each experiment was fit as mentioned above to the power law form and the
coefficients averaged to give the most accurate coefficients for bead tracking at these two
currents. These power law coefficients were compared to those for bead-tracking
experiments at the same current setting prior to the damage and repair of the magnetic trap.
The amount of change in each coefficient was noted, and a linear equation for degree of
correction versus current calculated for each coefficient a, b, and c, based on the degree of
correction at 1.0 A and 3.5 A. Degrees of correction were extrapolated from these equations
for the degree of correction of the coefficients in the 1.5 A, 2.0 A, 2.5 A, and 3.0 A bead
tracking experiments. The old power law data was modified with the degree of correction to
give the force-distance correlation used in the magnetic trapping experiments below.
2.2 Bead coating and selection of appropriate coating density
The procedure for VE-cadherin coating of the 2.8 tm protein A-coated paramagnetic
beads (the same beads used in force calibration in 2.1.2) was slightly modified from the
manufacturer's instructions for the use of beads in immunoglobulin capture, and is similar to
the process used by Baumgartner et al. for coating of beads with N-cadherin3 7 . Protein A is
native to bacterial cell walls and has a high specificity for binding immunoglobulins. A
chimeric protein consisting of the extracellular domain of human VE-cadherin fused to the
Fc region of human immunoglobulin G was used (938-VC, R&D Systems, Minneapolis,
MN). The binding of the protein A on the beads to the Fc domain of the chimeric protein
ensured that the extracellular domain of VE-cadherin was oriented radially outward and
unhindered from interacting with VE-cadherin on cells. An imidoester cross-linker specific
for primary amines, dimethyl pimelimidate (DMP'2HC1, Pierce Biotechnology, Rockford,
IL), was used to secure the attachment of Protein A to the Fc domain while minimally
impairing the activity of VE-cadherin.
The step-by-step procedure of coating is given in Appendix A. The beads were
rinsed in a 100 mM sodium phosphate buffer before being incubated with a solution of the
Fc/VE-cadherin chimeric protein for a controlled time period. Following the incubation, the
beads were washed in 200 mM triethanolamine to remove unbound protein, and
crosslinking with DMP followed. The crosslinking was quenched by washing the beads in
100 mM Tris. Finally, the beads were washed in Dulbecco's phosphate buffer solution (D-
PBS) containing calcium and magnesium salts. As a minimum concentration of 2 mM Ca"2
is needed to maintain cadherin structure, all solutions used in the cell coating procedure
were prepared in D-PBS with Ca+2 and Mg"2. After coating, the beads were stored in D-PBS
at 4°C for up to 3 months before use.
The binding curve of the Fc domain to Protein A was calculated based on published
kinetic data, and used to create beads with different coating densities by varying the time of
incubation with Fc/VE-cadherin. These calculations are shown in Appendix B. Beads with
25%, 50%, 75%, and 100% of their available binding sites bound by the Fc/VE-cadherin
protein were made. As a control, unreacted protein A coated beads were also used in
experiments. These beads were tested for their potential use in bead pulling experiments in
preliminary experiments. Cadherin-coated beads were incubated with HUVECs for different
lengths of time, and the ability of the beads to detach from the cells in response to low and
high force levels was examined. Incubation periods of 15 minutes, 30 minutes, 2 hours, and
24 hours were examined.
2.3 Cell Culture
Experiments investigating force-mediated adhesion strengthening on wild-type
endothelial cells were performed with Human Umbilical Vein Endothelial Cells (HUVECs)
(Cascade Biologics, Portland, OR). The cells were stored frozen in fetal bovine serum (FBS)
with 10% dimethyl sulfoxide (DMSO) in liquid nitrogen. After thawing, cells were plated in
collagen-coated 25 cm2 tissue culture flasks, covered in media (EBM-2, Lonza, Basel,
Switzerland) and cultured at 370C with 5% CO 2.
For experiments assessing the effect of upregulation and downregulation of
Ena/VASP family members on force-mediated adhesion strengthening, HUVEC cell lines
that had been stably transfected with retroviral vectors coding for GFP-VASP or GFP-
MITO-FPPPP were used (generous gift of Dr. Craig Furman, MIT). HUVECs transfected
with GFP-VASP express a chimeric VASP protein attached to green fluorescent protein
(GFP), in addition to expressing the endogenous VASP gene. The GFP-VASP protein acts
like normal VASP in terms of localization to focal adhesions and adherens junctions, leading
to the overall effect of VASP upregulation in the cell"6 ,61. GFP-MITO-FPPPP cells express a
mitochondrial protein with an FPPPP motif that is tightly bound by the proline-rich central
region of Ena/VASP family members. The result is recruitment of Ena/VASP proteins to
the mitochondria and away from the plasma membrane, resulting in functional disabling of
the role of Ena/VASP in organizing actin62.
For all experiments, cells at passage 5, 6, or 7 were trypsinized and plated in 35-mm
diameter polystyrene tissue culture dishes coated in collagen. 10,000 to 20,000 cells were
transferred to each dish. The dishes were covered in 2 mL fresh media and returned to the
incubator. Experiments were performed 12 to 24 hours after plating.
2.4 Force-mediated adhesion strengthening experiments
2.4.1 Magnetic trap force application to VE-cadherin-coated beads attached to wild-
type HUVECs
Prior to each experiment, a single HUVEC-plated tissue culture dish would be
removed from the incubator. 0.5 mL media were withdrawn from the dish and placed in an
Eppendorf tube. The cadherin-coated beads in D-PBS were removed from 4'C storage and
Vortexed vigorously to suspend them and break up bead-bead adhesions. A small volume of
the suspension containing approximately 10,000 magnetic beads were added to the media in
the Eppendorf tube. The beads were mixed with the media by pipetting in the Eppendorf
tube and then gently added back to the dish to distribute the beads well while minimizing
force application to the cells. The dish was returned to the incubator for 40 to 50 minutes
until the start of the experiment.
An aluminum plate connected to resistive heaters was placed on the microscope
stage and preheated to maintain the media at 37oC. A hole was placed in the plate to allow
observation via the microscope objectives of the cells located in the inner 25 cm of the dish's
diameter, while the 5 cm periphery of the dish was in direct contact with the heating plate.
The dish was removed from the incubator and placed on the aluminum plate.
Cells which were not in contact with other cells and had only one magnetic bead
attached to them were identified under the microscope. At a distance of approximately 250
pm from the bead, a current of 1.0 A was applied for five seconds to the copper coil wrapped
around the magnetic trap, and the resulting movement of the bead observed. Beads that did
not appear to move in response to this force were considered sufficiently adhered for the
experiment. The tip of the magnetic trap was next brought into parfocal position by eye with
a suitable adherent bead and positioned approximately 30 pm away from the bead by eye.
Due to camera malfunction, this distance could not be precisely placed using live video
imaging, so the use of slide rulings and the diameter of beads in the solution were used to
help estimate a distance of 30 pm from the bead to the tip.
A magnetic force was applied to the adherent bead via the activation of current. The
beads were subjected to one of three force conditions: either 1) the application of 1.0 A for
110 seconds, 2) the application of 3.5 A of current for 110 seconds, or 3) the application of
current ramped from 1.0 A to 3.5A in 0.5 A steps changing every 10 seconds for 50 seconds,
followed by a constant force of 3.5 A. The application of currents for the specified periods of
time was controlled via the RS-232 serial communication standard by a a laptop running
custom-written Matlab codes, presented in Appendix C. The state of attachment of each
bead was noted througout the course of the experiment, with the time of detachment
recorded in cases where detachment occurred. Subsequent tests were conducted on cells that
were at least 500 pm away from previously tested cells to avoid confounding prestressing
forces from previous tests. Dishes were searched left to right in rows starting from the upper
left corner to further avoid confounding prestressing forces (as force was applied from right
to left). Individual dishes were used for a maximum of 30 minutes to minimize the effects of
lowered CO 2 and less stable temperature control in the ambient air as compared to the
incubator.
2.4.2 Force-mediated adherens junction strengthening in Ena/VASP
variant HUVECs
Magnetic trapping experiments identical to those on wild-type HUVECs were
performed on the GFP-VASP and GFP-MITO-FPPPP transfected cell lines.
2.4.3 Actin inhibition and force-responsive strengthening of adherens junctions
Cytochalasin D from Zygosporium masonii (C8273, Sigma) was used to investigate
the role of actin in strengthening of adherens junctions. The lyophilized cytochalasin D was
dissolved in dimethylsulfoxide (DMSO) (D8418, >99.9%,Sigma) to yield a 10 mM stock
solution. The stock solution was stored at -20'C, and diluted to 10 pM in D-PBS without
Ca+2 and Mg+2. Immediately after addition of VE-cadherin-coated beads to a dish as
described in 2.4.1, 38 pL of the 10 pM solution were added to the media (on average, 1.9 mL
due to some evaporation in the incubator) to bring the concentration of cytochalasin D in the
dish to 200 nM.
The dishes were returned to the incubator for 40-50 minutes as in the wild-type and
Ena/VASP variant experiments, and bead trapping experiments identical to those in 2.4.1
and 2.4.2 were performed on the cells.
Fig. 2.1. The setup of the magnetic trap, micromanipulator, and microscope on a vibration-
controlled table.
3.0 Results
3.1 Force calibration and applied force profiles
Fitting the data from the measurements of magnetic bead tracking in DMPS to
power law form, corrected for the effects of damage and subsequent repair, yielded
reasonable relationships between current, distance from the tip of the magnetic trap, and
force. At a fixed distance of 30 pm, the force-current relationship is nearly linear. (Figure
3.1). The power law fits can be extrapolated to find the forces applied in the bead pulling
experiments described in 2.4.1 - 2.4.3. Because the 30 pm distance was placed by eye, an
error of up to 10 pm in tip placement is considered (Figure 3.2). However, 5 pm is a more
likely error in tip placement. At either error level, the difference at the extreme ends of the
error bars between the low force profile (1) and the high force profile (2) are still very large.
For instance, for force profile 3 the power law fit predicts that the force applied is 2.1 nN. A
10 pm error in tip placement could lead to a difference of about 700 pN from this force,
while a 5 pm error in tip placement could lead to an difference of about 300 pN.
3.2 Bead density selection and non-cadherin coated bead control experiment
The different beads prepared according to 2.3 were tested for their potential use in
bead pulling experiments in preliminary experiments by incubating the beads with HUVECs
for different lengths of time and assessing their response to low (690 pN) and high (2.1 nN)
force applied by the magnetic trap (Table 3.1). Beads coated at 75% or 100% density
formed very strong attachment to the cells in just 15 minutes that could not be broken with
high force, while the 25% coated beads did not form attachments in a 15 minute incubation
resistant to low or high forces. 25% and 50% coated beads incubated with cells for either 30
minutes or 2 hours displayed more detachment in response to higher force and less
detachment in response to lower force.
The binding of cadherin-coated beads appears to trigger endocytosis in the cells. At
later timepoints, beads could be seen inside the cell. For any given timepoint, the fraction of
cells with endocytosed beads was higher for beads more densely coated with cadherin.
Thus, endocytosis of the beads appears to occur at rates proportional to the density of
cadherin coating. Partially endocytosed beads (having a non-spherical appearance due to
partial engulfment by the cell membrane) were also visible. To minimize the fraction of
endocytosed beads during experiments, 25% cadherin-coated beads were chosen for the
adhesion strengthening experiments.
Interestingly, VE-cadherin-coated beads adhered as strongly to the bottom of dishes
as they did to the cells, with most beads coated at greater than 25% cadherin density totally
immobile in response to forces over 2 nN. The extracellular domain of cadherin is
considered to only participate in homophilic binding with other extracellular cadherin
domains; direct adhesion of cadherins to ECM proteins has not been noted in the literature.
This may indicate non-physiological behavior of these VE-cadherin-coated beads.
Protein A coated beads unreacted with cadherin formed no attachment to beads that
was able to withstand applied forces of 690 pN. These beads were not endocytosed, even
after a 24 hour incubation. The lack of binding of Protein A beads to cells confirms that the
cadherin coating on our beads was in fact interacting with the cells in binding specifically to
cell-membrane cadherins.
3.3 Cell experiments
3.3.1 Magnetic trap experiments in wild-type HUVEC cells
The results of the bead pulling experiments on normal HUVECs are presented in
Figure 3.3. Half of the experiments were performed using 60 second timesteps for force
profiles 1 and 2, and the other half with the 110 second timesteps used in the rest of the
experiments. Use of a 110 second timestep for the rest of the experiments was chosen to
make the total time period of force application the same for the three force profiles. The
time of detachment was noted in the experiments using 110 second force profiles, and only
one cell detached after remaining adherent for the first 60 seconds of force application. This
leads us to consider data from the 60 second and 110 second timestep experiments in
aggregate.
Fisher's one-tailed exact test was used to compare detachment for beads subjected to
force profile 1 versus those subjected to force profile 2, and beads subjected to force profile 3
versus force profile 2. The null hypothesis was that the force profile applied did not affect
the probability of bead detachment. All the Fisher exact test calculated probabilities in this
paper were calculated using statistical software63. For force profile 1 versus force profile 2, p
= .0016 for, so the difference between detachment in response to constant low and constant
high force is statistically significant at a 95% confidence level (p < 0.05). For force profile 2
versus force profile 3, p = .1899, so the null hypothesis, that ramping the force does not have
an effect on bead detachment, cannot be rejected at a 95% confidence level. The probability
for force profile 1 vs profile 3 was 0.1704, indicating the difference between those profiles is
not statistically significant either.
3.3.2 Magnetic trap experiments in VASP-GFP-expressing HUVECs
Data from the bead pulling experiments on recombinant HUVECs expressing VASP-
GFP and GFP-MITO-FPPPP are shown in Figure 3.4. All of these experiments were
performed with 110 second timesteps. It was noted that the majority of beads detaching
during force profile 3 did so at an intermediate force in the ramp, not at the highest force.
Fisher's one-tailed exact test was used to compare results between pairs of force
profiles. Again, a null hypothesis proposing that force application did not affect the
proportion of detaching beads was used. p = 0.1022 for comparison of force profile 1 and
force profile 2, indicating the difference in bead detachment between these levels is not
statistically significant at p < 0.05. For force profile 2 versus force profile 3, the probability
of the null hypothesis being true is 0.1278, so the difference in the ramped versus constant
high force profile is not statistically significant for for p < 0.05 either. Comparing force
profile 1 to force profile 3 gives p = 0.0042, indicating that bead detachment for the two
profiles is significantly different.
3.3.3 Magnetic trap experiments in GFP-MITO-FPPPP-expressing HUVECs
Figure 3.5 presents the data for bead pulling experiments on the HUVECs expressing
the GFP-MITO-FPPPP construct. All of these experiments were performed with 110 second
timesteps.
Comparison of the data from application of force profile 1 to force profile 2 via
Fisher's one-tailed test yielded p = 0.0012, small enough to conclude that there is a
significant difference at a 95% confidence level (p < 0.05) in the probability of a bead's
detachment in response to constant low versus constant high force. However, the test gave p
= 0.4643 for the comparison of force profile 2 and force profile 3, indicating that the force
ramp does not change bead detachment at the high force in a statistically significant way.
The difference between bead response to force profile 1 and force profile 3 was significant,
with p = 0.0038 for the null hypothesis.
3.3.4 Magnetic trap experiments in HUVECs treated with cytochalasin D
The results of the magnetic bead pulling experiments on HUVECs treated with 200
nM cytochalasin D are presented in Figure 3.6. All of these experiments were performed
with 110 second timesteps.
Calculating probability of no significant difference between detachment due to force
profile I versus force profile 2 using Fisher's one-tailed exact test yielded p = 0.0009,
meaning application of low or high force affects the probability of bead detachment in a
statistically significant way. Results from force profile 2 and force profile 3 were very similar
to each other, with p = .6427 indicating only a 35% chance the force ramp has an effect on
the bead detachment compared to the constant high force. Conversely, the results for profile
1 versus profile 3 were very different, with p = 0.0015 for the null hypothesis.
3.3.5 Comparison of recombinant cells and cytochalasin D treated cells to wildtype
For comparison purposes, all the data for wildtype HUVECs, VASP-GFP HUVECs,
GFP-MITO-FPPPP HUVECs, and cytochalasin D treated HUVECs from Figures 3.2 - 3.6
are presented together in Figure 3.7. Table 3.2 summarizes the statistical information
comparing force profile 1 to force profile 2 and force profile 3 to force profile 2 for each of
the recombinant cell types and the cytochalasin D treated beads.
To see how the expression of the GFP-VASP and GFP-MITO-FPPPP constructs
affected the bead attachment and adhesion strengthening responses as compared to wildtype
cells, Fisher's one-tailed exact test was used to calculate the probability of no difference
between the results for each force profile in the recombinant cells as compared to the same
force profile in the wild type cells. Fisher's one-tailed exact test was also used to calculate
the probability of no difference between the cytochalasin D treated cells and wildtype cells
for each force profile. These probabilities are presented in Table 3.3.
Smaller fractions of beads detached from GFP-VASP cells compared to wildtype
cells for force profiles 1 and 2, but the differences are not statistically significant at for p <
0.05. Higher proportions of beads detached from GFP-MITO-FPPPP expressing cells
compared to wildtype untreated cells when exposed to force profile 1 and 2. This difference
is statistically significant for for p < 0.05 for force profile 2. Beads attached to cytochalasin
D treated HUVECs detached in greater proportion than those attached to wildtype untreated
HUVECs in response to force profile 1 and 2, but the differences were not statistically
significant for p < 0.05.
Beads on GFP-VASP expressing cells and on GFP-MITO-FPPPP expressing cells
exposed to force profile 3 detached in greater proportion than those attached to wildtype
untreated HUVECs. The difference was statistically significant at for p < 0.05 for GFP-
MITO-FPPPP cells. Beads on wildtype HUVECs treated with cytochalasin D also released
in greater proportion compared to untreated wildtype HUVECs in response to force profile
3, and the difference was statistically significant for p < 0.05.
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Fig. 3.1. (a) Power-law data regressions showing the force-current-distance relationship
over 300 pm. (b) Closeup of the data regressions in the region near 30 pm, where bead
pulling experiments were performed.
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Fig. 3.2. The three different force profiles cell-adherent beads were subjected to in our
experiments. Force profile 1 (blue) subjected beads to a constant force of 690 pN, force
profile 2 (green) to a constant force of 2.1 nN, and force profile three ramped the force from
690 pN to 2.1 nN over fifty seconds and then held the peak force for 60 seconds. For each of
the six different force levels applied at a 30 pm distance from the bead, the pink error bars
show forces correlating to a ±5 pm difference from 30 pm in placement of the magnetic trap,
while the black error bars represent force levels over a ± 10 pm distance.
cubation 15 minutes 30 minutes 2 hours 24 hours
time
Coating
density
25% No binding Beads more Beads more Beads
of beads to responsive to responsive to high endocytosed
cells high than low than low force,
force some endocytosed
beads
50% Timepoint Beads more Beads more Beads
not observed responsive to responsive to high endocytosed
high than low than low force,
force, some many endocytosed
endocytosed beads
beads
100% Beads Beads Timepoint not Beads
unresponsive unresponsive to observed endocytosed
to even >1 even >1 nN (unresponsive
nN beads assumed)
Protein A No binding No binding or Timepoint not No binding or
or endocytosis observed (no endocytosis
endocytosis binding or
endocytosis
assumed
Table 3.1. Observations from preliminary experiments optimizing incubation period and
density of cadherin coating on beads.
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Fig. 3.3. Proportions of beads detached from wild-type untreated HUVECs in response to
the different force profiles.
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Fig. 3.4. Proportions of beads detached from GFP-VASP-expressing HUVECs in response
to the different force profiles.
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Fig. 3.5. Proportions of beads detached from GFP-MITO-FPPPP-expressing HUVECs in
response to the different force profiles.
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Fig. 3.6. Proportions of beads detached from wildtype cytochalasin D-treated HUVECs in
response to the different force profiles.
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Fig. 3.7. Data from Figs. 3.2 - 3.6 presented side-by-side.
Force Profile 3
Cell Force Profile 1 vs Force Profile 2 vs Force Profile 1 vs
type or treatment Force Profile 2 Force Profile 3 Force Profile 3
Wildtype 0.0016 0.1899 0.1704
GFP-VASP 0.1022 0.1278 0.0042
GFP-MITO-FPPPP 0.0012 0.4643 0.0038
Cytochalasin D 0.0009 0.6427 0.0015
Table 3.2. The probabilities for the null hypothesis calculated from Fisher's one-tailed exact
test are summarized. Highlighted cells indicate a statistically significant difference at a 95%
confidence level.
Cell Force Proffle 1 Force Profile 2 Force Profdle 3
type or treatment
GFP-VASP 0.2042 0.0537 0.3325
GFP-MITO-FPPPP 0.2681 0.0295 0.0070
Cytochalasin D 0.5099 0.2088 0.0471
Table 3.3. Fisher's one-tailed exact test was used to calculate the probability of the null
hypothesis, no difference between cell type or cytochalasin D treatment compared to
wildtype cells, being true for each force profile. Highlighted cells indicate a significant
difference (p < 0.05) between the indicated cell type or treatment and the wildtype results for
that force profile.
4.0 Discussion
4.1 Adhesion strengthening in wildtype HUVECs
Cell-bound beads exposed to force profile 3 had a lower frequency of detachment
than beads exposed to force profile 2. The difference was not statistically significant at a
95% confidence interval, but was significant for an 80% confidence interval. The lower
frequency of detachment of beads which are exposed first to a force ramp implies that force-
responsive adhesion strengthening of the adherens junction may be occurring during that
force ramp, increasing the probability of the bead remaining adhered when exposed to a 2.1
nN force. Our hypothesis, that the strength of the cadherin-cadherin linkage increases in
response to the intermediate forces applied in the ramp , can be considered validated at an
80% confidence level but not at a 95% confidence level.
The difference in bead detachment in response to force profile 1 and force profile 2
was statistically significant. This merely indicates that the probability of bead detachment is
proportional to the force applied, as expected. The difference between response to force
profile 1 and force profile 3, however, was not significant at a 95% confidence interval. This
further indicates that adhesion strengthening may be occurring, as it shows the dependence
of detachment probability on force applied is not valid for beads pre-stressed with a ramping
force, but is valid for beads subjected to constant high force.
4.2 Adhesion strengthening in GFP-VASP expressing HUVECs
The cells expressing GFP-VASP, which behave like VASP-upregulated cells, show
less bead detachment in response to force profiles 1 and 2 as compared to the wildtype cells,
though the differences are not statistically significant at the 95% confidence level. Still, this
observed increase in the strength of cadherin-cadherin adhesion supports the hypothesis of
VASP-mediated actin regulation strengthening adherens junctions. VASP is known to
localize to focal adhesions and adherens junctions and modulate the links between the
cytoskeleton and the cell membrane. The greater strength with which GFP-VASP cells seem
to hold beads could be the result of greater cytoskeletal linkage of cadherins.
Beads on GFP-VASP cells subjected to the ramped force profile detach in greater
proportion than those subjected to constant high force, although the difference is not
statistically significant. This result is contrary to our prediction of increased adhesion
strengthening from VASP upregulation; the cells actually seem to experience "adhesion
weakening" in response to ramped force.
The decrease in bead adhesion between force profile 2 and 3 may be related to the
decrease in motility noted in fibroblasts with upregulated VASP. VASP upregulation and
the resulting antagonism of capping proteins results in longer, more flexible actin filaments
which also depolymerize at a greater rate due to Brownian dynamics (discussed in 1.3.3).
Thus, by antagonizing capping protein, VASP upregulation may be acting to functionally
increase the rate of unbinding of actin monomers to actin filaments. This could change the
steady-state relationship of actin binding and unbinding to filaments, resulting in an overall
slower growth of actin filaments. If actin linkages are strengthened in response to applied
force, the slowed strengthening in VASP upregulated cells may make them unable to
respond to force changes with appropriate cytoskeletal remodeling quickly enough, causing
the bond to be broken.
This mechanism would explain why most of the beads detaching during force profile
3 detached during the ramp instead of at the highest force. It could also explain why fewer
beads detached in response to a constant high force than to the ramp. In response to an
initial force at an adherens junction, VASP creates links between the cytoskeleton and
cadherin. The GFP-VASP cells make more links to the cytoskeleton due to the greater
available pool of VASP. The antagonization of capping protein leads to inhibition of
cytosskeletal remodeling in response to changing force, explaining the increased detachment
during the ramp.
4.3 Adhesion strengthening in GFP-MITO-FPPPP-expressing HUVECs
GFP-MITO-FPPPP-expressing cells showed a statistically significant difference in
bead detachment response between constant low force and constant high force. In both
cases, the fraction of detaching beads was greater than for wildtype cells subjected to the
same force profile (with a statistically significant difference for force profile 2). This finding
was in keeping with the hypothesis that delocalization of VASP from the cell membrane
would lower the strength of bead adhesion. The fraction of beads detaching in response to
force profile 3 was slightly lower than the fraction detaching in response to force profile 2,
but not by a statistically significant difference. This, too, is in keeping with our hypothesis
that VASP activity at adherens junctions is crucial in the adhesion strengthening response.
With this data and that from wildtype HUVECs and GFP-VASP expressing cells, a
general profile of the role of VASP in force-mediated adhesion strengthening can be
outlined. VASP is necessary for the formation of links between cadherin and the
cytoskeleton, and VASP modulates these linkages in response to force. When VASP is
downregulated, the initial cytoskeletal link is weaker, and strengthening of the link in
response to force is also disabled. In the presence of upregulated VASP, the initial
cytoskeletal link is stronger, but cannot adapt to increasing force due to the slowing of actin
polymerization.
4.4 Adhesion strengthening in cytochalasin D-treated HUVECs
HUVECs treated with cytochalasin D showed no statistically significant difference
from wildtype cells in response to constant low force or constant high force. The proportion
of beads detaching from the cytochalasin D-treated HUVECs in response to ramped force is
almost the same as the proportion detaching from constant high force, showing that
adhesion strengthening does not occur in these treated cells.
Previous experiments showed that fibroblasts treated with cytochalasin D drop in
contractile force proportionally to the concentration of cytochalasin D64. Experiments in
HUVECs showed that treatment with approximately 200 nM cytochalasin disrupted the
actin cytoskeleton and removed most actin bundles6'. Thus, the linkages between cadherin
and the cytoskeleton are probably obliterated in these cells. These results indicate that the
actin cytoskeleton is an important component of adhesion strengthening independently of
simply forming initial linkages with cadherins at adhesion junctions. In response to a
ramped force, wildtype cells must either create more linkages between the cytoskeleton and
cadherin or increase the strength of existing linkages.
5.0 Conclusion
These experiments give further insight into the mechanisms of force-mediated
adhesion strengthening at adherens junctions. First, our experiments in wildtype cells
monitoring bead detachment in response to constant high force and ramping force indicate
that strengthening of adherens junctions in response to applied force does occur, as
hypothesized, although our data validates this assertion at only an 80% confidence level.
The same experiments performed in VASP-upregulated and VASP-downregulated
cells helped clarify some of the roles of VASP in adherens junctions. Beads attached to
VASP-downregulated cells did not detach differently in response to constant high and
ramped force, indicating that VASP is vital for the adhesion strengthening response. Cells
with upregulated VASPs appeared to undergo "adhesion weakening" in response to ramped
force, as a greater proportion of those beads detached compared to beads subjected to
constant high force. This data suggested the importance of a controlled VASP concentration
in creating cytoskeletal linkages and modulating the actin cytoskeleton. VASP strengthens
the cadherin junction and promotes actin polymerization by inhibiting capping proteins. At
high VASP concentrations, though, the promotion of actin polymerization may actually
make the actin filaments less structurally stable and more likely to depolymerize, possibly
slowing overall actin remodeling.
The experiments on cytochalasin-D treated wildtype HUVECs showed the effect of
decoupling the actin cytoskeleton from cadherin on bead adhesion. The beads responded to
low constant force and high constant force similarly to the way untreated wildtype cells did.
The response of bead adhesion to a ramped force was the same as that to constant high
force, suggesting that the actin cytoskeleton is a crucial element in adhesion strengthening,
and possibly the only contributor of adhesion strengthening.
Given the importance of force application from neighboring cells on tissue
structuring during development, it is conceivable that the activity of VASP is modulated
during tissue development to allow cell polarization and organization within tissues. VASP
activity could also contribute to cell behavior in pathological conditions. For instance,
differential expression of VASP has been observed in normal lung tissue and lung
adenocarcinomas. VASP expression is very low in normal lung tissue but upregulated in the
cancerous cells66 . As in our experiments, VASP upregulation in the lung cells may cause
"adhesion weakening", leading to the decreased contact inhibition and increased cell
motility seen in cancer cells. A better understanding of VASP activity regulation and its role
in adhesion modulation will likely give information on both disease pathology and normal
development. Our experiments show that cells respond to forces applied by neighboring
forces with cytoskeletal remodeling, and the process is highly dependent on Ena/VASP
proteins.
6.0 Future Work
The results of these experiments indicate that adhesion strengthening does occur at
cell-cell contacts, and that VASP and the actin cytoskeleton play an important role in
adhesion strengthening. However, these findings only scratch the surface of the complexities
of adhesion strengthening. Many more experiments could be performed to understand better
the mechanisms that drive adhesion strengthening works and the role of adhesion
strengthening in physiology.
First of all, our experiments only validated adhesion strengthening in wildtype cells
to a 80% level of confidence. A larger number of data points would increase the certainty of
our conclusions about adhesion strengthening in wild-type cells, as well as our observations
in the recombinant cell types and cytochalasin D. Additionally, a control experiment should
be performed on cells transformed with a vector expressing a gene construct that does not
associate with adherens junctions or the cytoskeleton. Gene transfection can affect the
phenotype of other alleles besides the ones targeted. For instance, a cell transfected with a
GFP construct could be used as a control.
At focal adhesions, separate processes contribute to adhesion strengthening.
Cytoskeletal linkage, cell spreading to increase contact area with the ECM, and integrin
recruitment to focal adhesions all play a role. It would be interesting to see if analogous
processes contribute to adhesion strengthening at adherens junctions. Our experiments with
cytochalasin D seemed to remove the contribution of cytoskeletal linkage to adhesion
strengthening, although to verify that we did in fact do this, the adhesion strengthening
response should be assessed in cells treated with different concentrations of cytochalasin D.
Fluorescent probes for cadherin have been developed67; together with live cell imaging,
cadherin-coated beads and the magnetic trap, the cadherin recruitment response to applied
force, if any, could be measured.
Live cell imaging could also be used to partially verify the theory developed from the
data presented in this thesis that VASP associates with actin at adherens junctions in a force-
dependent manner. Though force-dependent VASP association with actin has been noted at
focal adhesions6 8 , it has not been investigated for adherens junctions. The GFP-VASP
recombinant cells used in our experiments could be used with live cell imaging and magnetic
trapping of cadherin-coated beads to determine if VASP association with actin at cell-cell
junctions is force-dependent.
Another experiment probing the interaction of VASP with the cytoskeleton at
adherens junctions would be to use cytoskeleton D to ablate the actin from GFP-VASP cells.
If the increased strength of bead attachment for GFP-VASP HUVECs subjected to constant
force profiles is due only to VASP creating more links with the cytoskeleton, then treatment
with cytochalasin D should result in bead detachment data similar to that of wildtype
HUVECs treated with cytochalasin D. Similarly, the "adhesion weakening" seen in GFP-
VASP HUVECs subjected to ramped force should be eliminated as actin remodeling should
no longer have any component to force. On the other hand, if GFP-VASP HUVECs treated
with cytochalasin D do not behave like cytochalasin D-treated wildtype HUVECs, VASP is
involved in other components of cell-cell binding and adhesion strengthening in addition to
its functions in bridging cadherin to the cytoskeleton and modulating actin remodeling.
As discussed in 5.0, VASP modulation of cell-cell adhesion could be an important
part of tissue development. By changing levels of VASP expression or activity in different
tissues and at various stages of development, cells can organize and polarize within tissues to
create specialized substructures. To test this hypothesis, mammalian tissue from various
fetal development points could be isolated and the level of VASP at different stages of
development analyzed via immunohistochemistry, Northern blotting, or DNA microarray.
Activation by PKA is needed for VASP to act at cell cell junctions6 9, so the activity and
expression of PKA may also be modulated over development.
VASP upregulation has been reported in cancerous tissues, and the results of our
experiments suggest VASP upregulation alters cell-cell adhesion forces and adhesion
strengthening response. The PKA inhibitor H89 increases permeability at endothelial
junctions69; H89 also inhibits growth of cancerous cells in vitro70 . Treatment with H89, or
testing other ways of targeting VASP expression and activity, may be an effective method of
reversing cancer phenotypes in cells. Identifying pharmacological modulators of VASP
activity, and assessing their effect on cell-cell forces and adhesion strengthening, could be
another pathway for new cancer therapies.
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8.0 Appendices
Appendix A: Procedure For Coating Protein A Beads with Fc/VE-Cadherin
(adapted from Ref. 55)
Needed reagents:
Buffer A: 100 mM Na phosphate, pH 8.1, (made from monosodium phosphate, 7892,
Mallinckrodt, Hazelwood, MO, and disodium phosphate, S373-500, Fisher Scientific,
Waltham, MA)
Buffer B: 200 mM triethanolamine, pH 8.2 (025K0170, Sigma, St. Louis, MO)
Buffer A with 0.1 gg/gL Fc/VE-cadherin
Buffer B with 5.4 [tg/jtL DMP (dimethyl pimelimidate dihydrochloride)
100 mM Tris, pH 7.5
1. Add 10 gL of protein A-coated beads to Eppendorf tube
2. Wash 3x in 100 gL buffer A:
a. add buffer and suspend beads thoroughly
b. use magnet to sediment beads
c. decant buffer
3. Add 100 [iL of buffer A containing dissolved Fc/VE-cadherin (0.1 gg/gL)
4. Tape tube to slow rocking platform and allow to react at room temperature for the length
of time determined by binding curve (Appendix B)
5. Wash 3x in 100 gL buffer B (as above with Buffer A)
6. Incubate beads for 45 minutes @ RT in 100 gL buffer B with DMP (5.4 gg/gL)
7. Sediment beads and decant DMP.
8. Wash 2x, 30 minutes each wash, with 100 jiL 100 mM Tris,pH 7.5
9. Wash 3x 100 gL D-PBS with Ca, Mg
10. Store in 500 gL D-PBS with Ca, Mg at 4°C
Appendix B: Binding Curve for Fc domain to Protein A
The kinetics of binding of a ligand to a receptor-covered surface with no ligand
bound initially is given by
C C Eq. B.1
CL+K,+D[ KD +
where Nc is the number of receptor-ligand complexes, CLo is the initial concentration of
ligand, kl is the dissociation rate coefficient, KD is the equilibrium dissociation constant, NRT
is the total number of receptors on the cell, and t is time71 .
The manufacturer does not supply information on the density of Protein A on their
beads, but using their specification that 100 pL of beads could absorb 25 pg of
immunoglobulin G from 100 pg/mL immunoglobulin G solution, and the area of the
baeads, a maximum number of receptor-ligand complexes, N,, was calculated, 32051
pg/m 2 of bead surface area. K, = 0.6 mg/mL and k, = 0.072 min-' were taken from
published data on protein A affinity to Fc72, and NRT calculated from the relation
Ncma (C, + K )
RT = 1 Eq.B.2
Lo
Eq. B. 1. can then be plotted for Nc/NRT as a function of time.
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Fig. B. 1. Binding curve for Fc domain to Protein A. Times indicated for creating the beads
at the various densities. An incubation of 30 minutes was used to create "100%" cadherin
coated beads, though the actual density is probably 92%.
Appendix C. Matlab programs for controlling power supply for force profiles
Creating serial port object and initializing:
s=serial ( 'COM6')
fopen(s)
Force profile 1: constant_1A.m
set(s, 'BaudRate',2400);
s.Terminator = 'CR/LF'
fprintf(s,'SI 0.00')
pause (1)
fprintf (s, 'KOE')
pause (1)
fprintf(s, 'SI 1.00')
pause (110)
fprintf(s, 'KOD')
Force profile 2: constant_4A.m
set(s, 'BaudRate', 2400);
s.Terminator = 'CR/LF'
fprintf(s, 'SI 0.00')
pause (1)
fprintf(s, 'KOE')
pause (1)
fprintf(s, 'SI 3.50')
pause (110)
fprintf (s, 'KOD')
Force profile 3: ramp_10ssteps.m
set(s, 'BaudRate',2400);
s.Terminator = 'CR/LF'
fprintf(s, 'SI 0.00')
pause (1)
fprintf(s, 'KOE')
pause (1)
fprintf (s, 'SI 1.00')
pause (10)
fprintf(s,'SI 1.50')
pause (10)
fprintf(s, 'SI 2.00')
pause (10)
fprintf(s,'SI 2.50')
pause (10)
fprintf(s, 'SI 3.00')
pause (10)
fprintf(s, 'SI 3.50')
pause (60)
fprintf (s, 'KOD')
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